Extrapair fertilizations complicate our understanding of cooperative breeding in a number of ways. For example, auxiliaries may reduce the costs of seeking extrapair fertilizations for breeding males or females, and auxiliary males may themselves seek copulations with the breeding female in their own group. We employed microsatellite markers to examine patterns of parentage in the cooperatively breeding splendid fairy-wren (Malurus splendens melanotus). Our study population exhibited a relatively high level of extrapair paternity (42% of 386 offspring) with considerable annual variation (range = 24-52%). Across years the proportion of offspring sired by extrapair males was significantly correlated with the average number of auxiliaries per group. Furthermore, the proportion of extrapair young within a brood was related to group composition; groups with multiple auxiliaries were twice as likely as groups with zero or one auxiliary to contain extrapair young. Most offspring were sired by dominant breeding males, but auxiliary males sired approximately 25% of all extrapair young (10% of all offspring), and about half of these were cases in which the auxiliary male sired offspring in his own group. Within-group sirings by auxiliary males were most common after replacement of the breeding female, and they also appeared to be more likely when the auxiliary was not related to the breeding male. Thus, the presence of auxiliary males increased the likelihood that females would produce extrapair young, and although incest avoidance mechanisms usually prevent within-group copulations by auxiliary males, a conflict of interest among group males arises when a new female joins the group.
C ooperative breeding is a social system in which breeding individuals are assisted by other individuals, often termed ''auxiliaries,'' in raising offspring (Emlen, 1991) . In many cases, auxiliaries are offspring (or close kin) of the breeding pair that are constrained from independent breeding by ecological and/or social factors (reviewed in Emlen, 1991 Emlen, , 1997 Jennions and MacDonald, 1994) . Recent studies indicate genetic monogamy in many cooperative systems (Bruce et al., 1996; Dickinson et al., 1995; Haig et al., 1994; Quinn et al., 1999) , an important consequence of which is high relatedness between auxiliaries and the young that they help raise. Thus, auxiliaries may increase their inclusive fitness by assisting breeders (Griffin and West, 2003) .
Recently it has become clear that a number of cooperative systems do not fit this simple picture (Clutton-Brock, 2002) . In particular, reproductive promiscuity occurs in many cooperative systems (e.g., Hatchwell et al., 2002; Haydock et al., 1996; Jamieson et al., 1994; Joste et al., 1985; Lundy et al., 1998; Rabenold et al., 1990; Wrege and Emlen, 1987) and may be particularly common in some (Brooker et al., 1990; Li and Brown, 2000; Mulder et al., 1994; Whittingham et al., 1997) .
Promiscuity complicates our understanding of cooperative breeding in several important ways. First, promiscuity can affect the Hamiltonian cost/benefit analysis for helping behavior. For example, extrapair fertilizations (EPF, fertilizations resulting from copulations between females and any male other than her social mate, including auxiliary males within the group) can affect the indirect benefits of helping by reducing relatedness between auxiliaries and the young that they help to raise (e.g., Clutton-Brock, 2003; Dunn et al., 1995; Richardson et al., 2002) . Auxiliaries also may be able to reproduce and thereby accrue direct fitness benefits to partially balance the costs of helping. This can occur if auxiliary males copulate with breeding females in their own group or in other groups, or if auxiliary females lay eggs surreptitiously in the nests of breeding females. Recent studies have suggested that the fitness benefits of reproduction by auxiliaries can be substantial (Baglione et al., 2002; Li and Brown, 2000; Magrath and Whittingham, 1997; Richardson et al., 2002; Whittingham et al., 1997) .
Second, in complex social systems like those of cooperative breeders, individual breeding strategies might be affected by group composition. For example, changes in group composition might affect genetic relatedness among opposite-sex group members and alter the dynamics of family relationships. Conflicts of interest are expected in most social groups (Cockburn, 2003; Emlen, 1997) but should be particularly acute in systems with high levels of EPF. In particular, if the breeding female is replaced through death or divorce, relatedness between auxiliaries and the breeding female will change and both the breeding male and auxiliary males may seek copulations with the new breeding female (Emlen, 1995) . Group composition might also affect the ability of individuals to seek extrapair copulations. Specifically, breeding females in groups with auxiliaries may be more likely to seek EPF because auxiliaries can compensate for reduced male parental care should it occur (Mulder et al., 1994) . Similarly, breeding males in groups with auxiliaries might also be better able to pursue EPF because they are liberated from parental duties (Green et al., 1995) .
Thus, there is now a need to better understand the causes and consequences of reproductive promiscuity in complex social systems. Fairy-wrens (Maluridae) have emerged as a model group for studying both cooperative breeding (e.g., Dunn et al., 1995; Pruett-Jones and Lewis, 1990; Rowley and Russell, 1990b) and reproductive promiscuity (e.g., Brooker et al., 1990; Dunn and Cockburn, 1998; Karubian, 2002; Mulder et al., 1994) . In this study we used single-locus microsatellite markers to examine parentage across six breeding seasons for a South Australian population of splendid fairy-wrens (Malurus splendens melanotus). Splendid fairy-wrens breed cooperatively and exhibit high levels of reproductive promiscuity (Brooker et al., 1990; Rowley and Russell, 1997) . Here we describe year-to-year variation in parentage patterns and the identities of extrapair sires (for the first time in this species), and we use these data to address three issues of interest regarding the mating strategies of breeders and auxiliaries in cooperative breeding systems. First, we demonstrate geographical variation in the incidence of EPF within a single species. Second, we test the hypothesis that the presence of auxiliaries facilitates extrapair mating by the breeding male and/or the breeding female (Green et al., 1995; Mulder et al., 1994) . Third, we test the hypothesis that within-group reproduction by auxiliaries is limited by their relatedness to the dominant breeders within the group (Emlen, 1997) . This hypothesis predicts that reproduction by male auxiliaries should increase when they are unrelated to the breeding female, because fitness costs associated with inbreeding are removed. It predicts also that reproduction by male auxiliaries should increase as their relatedness to the breeding male decreases, because dominant males are forced to concede some amount of reproduction to retain unrelated helpers within the group.
METHODS

Study species and field methods
This research was carried out during the austral spring (early October to late December) each year from 1992 to 1998 at Brookfield Conservation Park (BCP), approximately 100 km northeast of Adelaide, South Australia. This site is characterized by mallee (Eucalyptus) scrub forest and chenopod shrublands, with rainfall averaging 330 mm per year (1992-1997 average) . Splendid fairy-wrens are common and abundant in the scrub forest at this site, occurring sympatrically there with the variegated fairy-wren (M. lamberti). A third species of malurid, the white-winged fairy-wren (M. leucopterus), is found in the chenopod shrublands at BCP. Additional details of the study site are provided in Tibbetts and Pruett-Jones (1999) and Van Bael and Pruett-Jones (2000) .
During each field season, fieldwork was conducted on a daily basis. We studied between 35 and 69 family groups each year. By definition, all groups contained at least one male and one female. The mean group size in each year ranged from 2.4 to 3.1 (i.e., the breeding pair plus 0.4 to 1.1 auxiliaries), with 30% to 62% of these groups having at least one auxiliary. We individually color-banded and collected blood samples from most adults in the population, and nestlings were banded and bled at four to eight days of age. For each family group we delineated territorial boundaries, monitored group composition during the breeding season, and located and followed the fate of each nest. Determination of the social status of males in each group was generally easy, based on behavioral interactions (aggressive chases), age, and plumage variation. Breeding by splendid fairy-wrens at BCP is highly concentrated between October and December (Van Bael and Pruett-Jones, 2000) , although some nesting is likely to have occurred in January, when we were not at the field site. Our samples of offspring therefore represent the vast majority, but not all, of the offspring produced by this population.
Auxiliaries were generally young males that remained in their natal groups for one or more years. Few females remained in their natal groups after the start of the breeding season following their birth; of 319 groups studied over the six years, 286 (89.7%) had just one female. Moreover, although plural breeding (i.e., breeding attempts by more than one female in a group) occurs in this species (Rowley et al., 1989) , it was very rare in our study population-we observed only one case of attempted plural breeding between 1992 (Van Bael and Pruett-Jones, 2000 .
Given that the female and the dominant male in each group form a strong, social pair bond with each other, we use the term ''extrapair'' to refer to interaction (copulation or fertilization) by the female and a male other than her social mate. Thus, extrapair copulations or fertilizations can occur between females and any male (dominant or auxiliary) outside her group or between a female and an auxiliary male within her group (see Emlen et al., 1998; Li and Brown, 2000) . If males sire offspring in groups other than their own, we refer to these as ''extragroup fertilizations.''
Development of microsatellite markers
We used the method of Hammond et al. (1998) to construct an M. splendens genomic library enriched for simple sequence repeats. This procedure utilized a hybridization technique to create a population of genomic fragments that was enriched for CA and GA repeats. We ligated 5-15 ng of the enriched fragment population into 100 ng of a pUC 18 vector that had been linearized with BamHI and dephosphorylated (Ready-toGo TM pUC 18, Pharmacia) following manufacturer protocols. We transformed 4 ll of the ligation products into XL-2 Blue MRF' Ultracompetent Cells (Stratagene), again following manufacturer protocols, and we grew the transformants overnight at 37 C on LB agar plates containing 80 lg/ml XGal, 20 mM IPTG, and 100 lg/ml ampicillin. White colonies (i.e., those containing bird DNA) were picked with a sterile toothpick and replated. We performed standard colony lifts to transfer DNA from these new plates to NytranÒ circular nylon membranes (Schleicher and Schuell). To detect colonies containing dinucleotide repeats, we probed the colony lifts non-radioactively with (GA) 12 and (CA) 12 oligonucleotides using the ECL TM kit (Amersham). For this probing, oligonucleotide probes were end-labeled with flourescein-dUTP and hybridized to membranes at 42 C under conditions specified in the manufacturer's protocols. After hybridization, the membranes were washed according to recommended protocols and exposed to autoradiography film for 15-60 min.
We amplified and sequenced genomic DNA from an arbitrary subset of colonies that probed positively. Most of these contained long GA or CA repeats. We used Oligo 4.0 (NBI) to design PCR primers that flanked the microsatellite sequence in each of several clones. After initial tests to optimize PCR conditions, we tested each locus for polymorphism by amplifying DNA from approximately 10 individual M. splendens. For this screening, we added 1 ll of suspended DNA (approximately 50 ng) to a 25 ll mixture containing 0.15 mM dNTP (each), 0.50 lM each primer, and our standard PCR mixture (1-3 units Taq DNA polymerase, 3.0 mM MgCl2, 50 mM KCl, 10 mM Tris-HCl). Following an initial 3 min denaturation at 94 C, the reaction mix went through 30 cycles of 94 C for 60 s, X C for 60 s, and 72 C for 45 s, where X was the optimized annealing temperature. We checked amplification on a 2% agarose/TBE gel. We used a procedure identical to that of Double et al. (1997b) to test loci isolated from the genome of superb fairy-wrens (M. cyaneus). Loci showing high polymorphism and repeatability were selected for genotyping analyses.
Genotyping individuals
A total of six microsatellite loci were selected for genotyping analyses ( Double et al. (1997b) . We used two different procedures to determine individual genotypes. For samples collected during the 1992-1995 field seasons, we amplified genomic DNA from each individual in a 10 ll PCR reaction that contained 100 lM dNTP (each), 0.25 lM primers (each), 1.5 lCi 33-P dATP (NEN TM Life Science Products), and our standard PCR reaction mix. This reaction was cycled as for the initial screening reactions (above). The PCR products were electrophoresed in a 6% denaturing polyacrylamide gel containing 7M urea at a constant temperature of 50 C. We also ran a standard sequencing reaction of M13 DNA as a size reference for each set of PCR reactions run on a gel. After electrophoresis, the gel was dried and exposed to autoradiography film for 1-3 days. We scored the size of PCR fragments for each individual by comparing its band(s) to the reference M13 sequence.
For samples collected during the 1996-1998 breeding seasons (and a few from earlier years), PCR protocols were similar to those in the screening procedure described above, except that the forward primer from each pair was labeled with a flourescent dye (6-FAM, HEX, or TET; Perkin-Elmer) on the 59 end, and the annealing temperatures were increased for some loci (Table 1) . In some cases, we also reduced the concentration of primers to reduce the production of primerdimers. After PCR, products from one to three loci labeled with different dyes, or those from loci that did not overlap in fragment size, were combined with sterile water, formamide, and a size standard (ROX 350 or ROX 500; Perkin-Elmer) for separation in a 4% acrylamide gel using an ABI 377 Automated Sequencer (Perkin-Elmer). Fragment sizes were calculated with GENESCAN TM software (Applied Biosystems) and evaluated manually.
The observed allele sizes of the five dinucleotide repeat loci generally matched our expectations based on repeat unit size. However, the tetranucleotide repeat locus Mcy8 showed a number of alleles that were of unexpected size (i.e., one or two bases, rather than four, from the nearest allele). These unusual alleles occurred in three different regions of the allele size distribution. Therefore, when scoring genotypes we ''binned'' allele sizes to force most alleles into sizes expected from variation in number of repeat units (alleles that did not exactly match an expected size were assigned to the nearest appropriate size). There were four ''odd'' allele sizes that we accepted (did not bin) because they were common, intermediate between the nearest expected sizes, and consistent across gels. We also binned all alleles larger than 359 bp at this locus (i.e., all alleles larger than this were treated as the same allele), as we had difficulty detecting small mobility differences in this region of our gels.
Finally, because we used two different procedures to determine individual genotypes, we calibrated the two procedures by using both methods on a subsample of individuals (n ¼ 19 to 75 individuals per locus). All loci showed either identical scores, or a small systematic difference that allowed for simple adjustment to align scores.
Determination of parentage
For each locus, we determined the frequency of each allele (x i ), the expected frequency of heterozygotes (h e , from Equation 8.4 in Nei, 1987) and the observed frequency of heterozygotes (h o ). Observed numbers of heterozygotes were compared to expected numbers using a standard goodness-offit test with only two classes (homozygotes and heterozygotes), significance level adjusted for multiple tests (Bonferroni adjustment), and a continuity correction suggested for Hardy-Weinberg tests (Lessios, 1992) . A significant difference between h e and h o suggests the presence of null (i.e., nonamplifying) alleles (Pemberton et al., 1995) , the frequencies of which were determined using the procedure of Summers and Amos (1997) . We also calculated three different exclusion probabilities for each locus. First, we calculated the average probability of excluding a randomly chosen female as the mother (i.e., the probability that the female would not possess one of the offspring's alleles at the locus in question). Second, we calculated the average probability of paternal exclusion for each locus following Jamieson (1994) . This is the probability, averaged over all alleles at the locus, that a randomly chosen male (i.e., a non-sire) will not possess the paternal allele found in an offspring, given that the mother of the offspring is known with certainty. Finally, we calculated the probability of excluding non-sires that were related to the true sire using the equations presented in Double et al. (1997a) .
The above calculations were used to characterize each microsatellite locus and also to serve as a rough guide to the power of our parentage analyses. However, inferences based on exclusion probabilities sometimes can be misleading (Marshall et al., 1998) , particularly when many potential sires are closely related to each other (Double et al., 1997a) . Therefore, we used the program CERVUS 1.0 (Marshall et al., 1998) , which uses a likelihood approach to assign parentage. For these analyses we assumed that each breeding female was a biological parent of the nestlings in her own nest, and we assessed the validity of this assumption by examining allele mismatches between females and nestlings (see below). For groups with more than one adult female, we also compared genotypes of auxiliary females to those of the offspring.
We analyzed paternity in a two-step process. First, we used CERVUS to select the male from the population who, based on Msp loci were isolated in this study, and Mcy loci were from Double et al. (1997b) . All microsatellites were dinucleotide (CA or GA) repeats, except Mcy 8, which was a tetranucleotide (AAAG) repeat. ''T a '' is the optimized annealing temperature for PCR reactions with radio-labelled dATP (1) and dye-labelled primers (2).
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• Reproductive promiscuity in splendid fairy-wrens 909 genetic evidence, had the highest likelihood of being the sire. CERVUS does this by calculating a likelihood score (the LOD score) for each male based on the offspring and maternal genotypes and taking into account scoring errors (e.g., due to null alleles); the male with the highest LOD score is selected as the most likely sire. CERVUS also uses a Monte Carlo simulation to determine the confidence (probability of a type I error) for each paternity assignment. This confidence measure is based on the parameter delta, which is the difference between the LOD for the most likely sire and the next most likely sire (Marshall et al., 1998) . For these simulations we estimated the number of candidate males (58 to 93, depending on year) and proportion of males sampled (0.862 to 0.943) from field data, and we estimated genotyping error rates from mother/offspring comparisons. Second, for each paternity assignment, we used a ''total evidence'' approach to determine whether we felt the CERVUS assignment was reasonable (see Prodöhl et al., 1998) . In most cases we accepted the CERVUS assignment if the selected male had zero or one mismatch with the nestling, but we rejected the CERVUS assignment if the selected male showed two or more mismatches. In addition, we rejected the CERVUS assignment and assigned paternity to a lower-ranked male under three circumstances: (1) if both males had similar LOD scores but the lower-ranked male had fewer mismatches; (2) if both males had a single mismatch but the lower-ranked male's mismatch was consistent with the presence of a null allele (particularly at loci Msp4 and Mcy7, see Results); and (3) if the males had the same low number of mismatches (0 or 1) and similar LOD scores, but independent evidence suggested that the lower-ranked male was a more likely sire. In this last case we considered whether either male was the social father, whether either male sired other young in the nest, or whether either male's mismatch was likely caused by a scoring error (e.g., mismatched alleles differed in size by only one repeat unit). These rules likely improved the accuracy of our assignments, particularly by reducing the influence of null alleles, but are unlikely to have affected our overall patterns, because we accepted the CERVUS male in the majority of cases and because exceptions typically occurred in cases where the delta value was low.
We examined intragroup relatedness in groups with auxiliary males, particularly in those groups in which the auxiliary appeared to sire young. Specifically, we compared the genotype of the auxiliary to that of the breeding pair to determine whether the auxiliary was likely to be the offspring of the breeding pair from an earlier breeding attempt. In these cases, the breeders were considered to be parents of the auxiliary if they could account for the auxiliary's alleles at all loci. If this was not the case, then one or both parents were excluded as the parents if they did not match the auxiliary at two or more loci (cases of a single mismatch were considered ambiguous). In addition, we estimated pairwise relatedness between female breeders and male auxiliaries within each group using the program SPAGeDi 1.0 (Hardy and Vekemans, 2002) , using a ''two-genes'' relationship coefficient, r, based on Queller and Goodnight's (1989) formula.
Statistical analysis
All statistical analyses were conducted with Statview 5.0. Groups persisted across years, but composition often changed from one year to the next; therefore, we treated each groupyear as an independent sample. For analyses examining factors associated with the frequency of extrapair young, we included only one brood per group per year to avoid problems of nonindependence among data points. However, if group composition changed within a breeding season by replacement of the breeding male or female, we considered the resulting group to be a new group (five cases in three years). For analysis of patterns across years, we included only those groups for whom paternity analyses had been conducted. Each year, many groups failed to produce offspring or the offspring were depredated prior to sampling; thus, the number of groups sampled for paternity is lower than the number of groups studied. Additionally, although fieldwork was conducted during 1994, a severe drought throughout southern Australia that year dramatically affected our study population, and only two of more than 60 breeding groups produced offspring. Data from these two groups are not included in our analyses.
RESULTS
Analysis of maternity and genotyping errors
All six microsatellites were highly variable, with up to 25 alleles and high heterozygosities (Table 2) . Consequently, the probability of excluding a false mother was high, ranging from 0.983 to 0.990 across years for all loci combined. We had a total of 450 mother-offspring pairs in which both individuals were genotyped at five or six microsatellite loci (98.9% of the offspring and 99.7% of the mothers were genotyped at six loci). Of these, 381 (84.7%) were cases with no mismatches Results for other years were similar. Probability of maternal exclusion is the probability that a randomly selected adult will not match the nestling at a locus (when neither parent is known), and probability of paternal exclusion is the probability of excluding a randomly selected male as the sire, given the genotype of the mother and nestling (given for males of varying degrees of relatedness [r] to the true sire, after Double et al., 1997a) . Null allele frequencies were estimated by CERVUS using the procedure of Summers and Amos (1997) . Genotyping error rates were determined from comparisons between nestlings and their presumed mothers. between the mother and nestling, and 69 (15.3%) were cases that showed one or more loci mismatching. Mismatches between a nestling and its presumed mother could be caused by misassigned maternity (e.g., brood parasitism), mutation, or scoring errors. Our data indicate that most or all of the mismatches were caused by mutations and scoring errors rather than by misassigned maternity. First, misassigned maternity would likely result in the mother and nestling mismatching at several loci, but in our analyses 66 (95.7%) were cases with a single mismatch, and only 3 (4.3%) were cases in which the presumed mother and nestling mismatched at multiple loci (2 loci in all cases). Second, scoring errors can be caused by null alleles, and nearly half (35 of 72) of our mismatches showed a pattern consistent with the presence of a null allele (female and offspring appear homozygous, but for different alleles). Virtually all of these apparent nulls (33 of 35 mismatches) occurred at two loci: Msp4 (10 of 22 mismatches at this locus) and Mcy7 (23 of 27). Null alleles appeared to be particularly prevalent at the latter locus; observed heterozygosity was significantly lower than expected (p , .05 after Bonferonni adjustment) in 4 of 6 years, and the estimated null allele frequency ranged from 0.03 to 0.07 across years. Locus Msp4 also showed a relatively high estimated frequency of null alleles in some years (up to 0.06) but did not show a significant deficiency of heterozygotes in any year after adjustment for multiple tests. None of the other loci showed significant deviation from Hardy-Weinberg expectations.
If we accept cases of a single mismatch between a mother and offspring as cases of scoring error rather than misassigned maternity, then we have only 3 cases (0.7% of 450 nestlings) that represent possible cases of brood parasitism (2 or more mismatches). This is likely an overestimate of the frequency of brood parasitism, as double scoring errors cannot be ruled out in these three cases. Thus, we conclude that presumed mothers are the biological mothers of their nestlings in the vast majority of, if not all, cases.
General patterns of paternity and the role of auxiliaries
We excluded the following nestlings from paternity analyses: those that had fewer than 5 loci scored (n ¼ 2), those whose presumed mothers had not been genotyped (n ¼ 6), and those that showed more than a single mismatch with their presumed mothers (n ¼ 3). This left a total of 447 nestlings for paternity analyses.
Using our parameter settings, CERVUS assigned a sire to 446 of these 447 nestlings: 277 were assigned with 95% confidence and 169 were assigned with 80% confidence. Using our rules for accepting or rejecting the CERVUS assignments (see Methods), we accepted 96.4% of the high confidence assignments and 60.4% of the low confidence assignments. In some cases where we rejected the CERVUS assignment, the nestling was assigned to another male using our decision rules, whereas in other cases the nestling was not assigned to any male. In total, sires were assigned to 430 (96.2%) of the nestlings analyzed.
Our paternity assignments indicated a high level of extrapair paternity in this population. Across the six years, an average of 55.3% of all broods analyzed contained offspring sired by males other than the dominant male in the social group, and 42% of all offspring were the result of such matings (Table 3) . The distribution of extrapair young among broods was nonrandom (Figure 1) , with more broods containing zero or many extrapair young per brood than would be expected by chance. In some cases (36 of 183 broods) an entire brood was sired by a single extrapair male. Altogether, mixed paternity (more than one sire) occurred in 66 (36%) of 183 broods.
The frequency of extrapair young varied across years (Table  3) . Examining mean values each year, the proportion of young that were sired by extrapair males was significantly and positively correlated with the mean number of auxiliaries per group in each year (Figure 2) . We examined the role of auxiliaries more directly by combining the data across years. The proportion of a female's offspring that were sired by extrapair males varied significantly with the number of auxiliaries in the group (ANOVA, F 3,155 ¼ 3.761, p ¼.012). Specifically, groups with two or more auxiliaries had a higher proportion of extrapair offspring than did groups with zero or one auxiliary (Figure 3) . Similarly, the average size of groups containing males that were completely cuckolded (i.e., sired no within-pair offspring; group size ¼ 3.05 6 1.11, n ¼ 40) was significantly larger than the average size of groups containing males that sired at least some of the progeny in their brood (2.42 6 0.67, n ¼ 118, t ¼ À4.260, df ¼ 157, p , .001).
Some extrapair young were sired by auxiliary males from the same group (see below), and the frequency of these young was related to group size (Figure 3 ; ANOVA, F 2,55 ¼ 3.672, p ¼ .032; LSD post hoc tests indicated that differences were between groups with two helpers vs. groups with zero or one helper). When young sired by group auxiliaries were excluded, there was not a relationship between the proportion of offspring Table includes only the first brood from each group; second broods were excluded unless the composition of the group (identity of breeding male or female) changed between the first and second brood. If the composition changed, the brood from the 'new group' was included (five cases in three years). EPY refers to nestlings sired by extrapair males. Group sex ratio is number of adult males divided by number of adult females. Confidence intervals (95% CI) were calculated assuming a binomial distribution. Group characteristics are for all groups with offspring genotyped.
• Reproductive promiscuity in splendid fairy-wrens 911 sired by extragroup males and the number of auxiliaries in the group (ANOVA, F 3,155 ¼ 1.096, p ¼ .353), though the trend was in the same direction as discussed above (Figure 3 ). The number of auxiliaries did not appear to affect the likelihood that a breeding male would sire extrapair young. The average size of groups containing males that sired extrapair young (2.56 6 0.94, n ¼ 39) did not differ significantly from the average size of groups containing males who did not sire extrapair young (2.59 6 0.82, n ¼ 120, t ¼ 0.177, df ¼ 157, p ¼ .861).
Identities of extrapair sires and paternity by auxiliaries
Most extrapair young were sired by dominant breeding males from outside the group (Table 4) , and these were usually neighboring males (Pruett-Jones et al., in preparation). Nevertheless, 10.0% of all offspring analyzed, or 24.6% of all extrapair young, were sired by auxiliary males (Table 4) . Approximately half of these offspring were sired by auxiliaries from other groups and half were sired by auxiliaries from within their own group.
There were a total of 12 cases in which an auxiliary male sired young in his own group (n ¼ 18 young total, in only one case was the same auxiliary/female pair involved in two different years). In eight of these cases, genetic data indicated that the auxiliary was not the offspring of the breeding female, and in six of these cases our behavioral and demographic data confirmed that the breeding female had joined the group after the birth of the auxiliary. In two additional cases the genetic data were ambiguous, and in two cases the auxiliary appeared to be the son of the breeding female. Being as conservative as possible, auxiliary sons sired young with their mothers in a maximum of four cases (0.9% of all offspring analyzed).
If incest avoidance limits reproduction by auxiliaries within their own group, the likelihood that an auxiliary male sires offspring in his own group should increase as relatedness between the auxiliary and the breeding female decreases, which is likely to occur when a breeding female is replaced. We tested this prediction by tabulating the number of broods in which the auxiliary did or did not sire offspring, limiting our analysis to broods in which we could infer whether or not the auxiliary was a son of the breeding female (based on banding records and genetic analysis, see Methods). This analysis indicated that an auxiliary male was more likely to sire young within the group when he was not a son of the breeding female (8 of 20 cases) than in situations in which he was the son of the breeding female (2 of 21 cases; df ¼ 1, Fisher's exact p ¼ .033). By way of contrast, relatedness between the auxiliary and breeding female did not affect the probability that a brood would contain young sired by a male from outside the group (df ¼ 1, Fisher's exact p ¼ .734). Thus, our results indicate that an auxiliary male is unlikely to sire young in his own group if the breeding female is his mother, but he is much more likely to do so if he is unrelated to the breeding female.
Compared to females with a single auxiliary, females with multiple auxiliaries may have a higher probability of being unrelated to at least one of those auxiliaries, and this may contribute to the relationship between group size and extrapair paternity (Figure 3) . However, we found no relationship between the number of auxiliaries and the average relatedness between the female breeder and auxiliaries (ANOVA, F 2,50 ¼ 0.572, p ¼ .568). We also examined whether the number of auxiliaries affected the probability that the group would contain at least one auxiliary with low relatedness to the breeding female (i.e., below the median relatedness between females and their auxiliaries, r ¼ .302). We found no such relationship: seven of 11 groups (63.6%) with multiple auxiliaries had at least one auxiliary of low relatedness to the breeding female, whereas the auxiliary showed low relatedness to the female in 22 of 41 groups (53.7%) with a single auxiliary (df ¼ 1, Fisher's exact p ¼ .735).
Our results suggest that auxiliary reproduction may be affected by relatedness between the auxiliary and breeding males. Of the 12 cases in which an auxiliary male sired young within the group, the auxiliary was unrelated to the breeding male in seven cases and appeared to be related in two cases (three cases were ambiguous). Given the overall rates of extrapair fertilizations (Table 3) , we would expect the auxiliary Figure 1 Number of extrapair young per brood (dark bars) and expected number per brood (white bars) for broods of three nestlings (the modal brood size, n ¼ 86 broods). Expected values calculated from the multivariate hypergeometric distribution (Neuhäuser et al., 2001) using the number of extrapair young seen in the included broods (119 of 258 offspring). The observed and expected distributions differ significantly (v 2 ¼ 55.11, df ¼ 3, p , .0001).
Figure 2
Proportion of sampled nestlings that were sired by extrapair males versus the mean number of males per group. Each point represents averages for one year. Number of auxiliaries per group was correlated significantly with frequency of EPF across years (Spearman rank correlation, analysis restricted to first broods from groups that had offspring genotyped, q ¼ 0.886, p ¼ .048). Behavioral Ecology Vol. 15 No. 6 and breeding males to be unrelated in approximately three to four of nine cases. Although the sample size is too small for proper statistical analysis, these results suggest that an auxiliary male is more likely to gain sirings within the group if he is unrelated to the breeding male.
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DISCUSSION
General patterns and the effects of group size
Detailed studies of splendid fairy-wrens (Brooker et al., 1990; Rowley and Russell, 1990a) were among the first to document that reproductive promiscuity occurs at high levels in some socially monogamous birds, including cooperative breeders. Our study confirms this pattern for another population of the same species, as we found that over 40% of the offspring analyzed were sired by extrapair males. Indeed, this pattern fits the general pattern seen within the avian family Maluridae-reproductive promiscuity appears to be common in all species studied to date (Brooker et al., 1990; Dunn and Cockburn, 1998; Karubian, 2002; Mulder et al., 1994) , and similar levels of promiscuity are suspected in species of Malurus that have not been studied with genetic methods (Rowley and Russell, 1997) .
Our data suggest that rates of reproductive promiscuity in the eastern subspecies of splendid fairy-wrens are lower than those of the western subspecies, M. s. splendens, for which a previous study found that over two-thirds of all offspring were sired by extrapair males (Brooker et al., 1990; Rowley and Russell, 1990a) . This difference may be due to the molecular markers used in the two studies (allozymes vs. microsatellites) or possibly to ecological differences between the two study populations. In our population, density of breeding pairs, group size, clutch size, reproductive success, and annual survivorship are all lower than in the population studied by Rowley and associates (Rowley and Russell, 1997; Van Bael and Pruett-Jones, 2000 ; Pruett-Jones S, unpublished data). Of these factors, density of breeding pairs (Griffith et al., 2002; Møller and Ninni, 1998; Westneat and Sherman, 1997) and average group size (this study) have both been shown to affect rates of extrapair fertilization, and so these may account for the differences seen between eastern and western races of splendid fairy-wrens.
Individual reproductive decisions may be influenced by a number of factors, particularly in cooperative systems with complex groups. For example, Mulder et al. (1994) suggested that females in groups with auxiliaries may be ''liberated'' to pursue extrapair fertilizations, because auxiliaries would help compensate for reduced male parental care should it occur (the ''female emancipation hypothesis''). In support of this hypothesis, Mulder et al. (1994) showed that in the superb fairy-wren (M. cyaneus) extrapair young were more common in groups with auxiliaries than in groups without auxiliaries. We found a very similar pattern in this study (Figure 3) , supporting the female emancipation hypothesis. In our study, however, groups with only a single male auxiliary were no more likely to have extrapair young than those without auxiliaries; the effect of auxiliaries only appeared in groups with at least two auxiliaries. This may be because, under the relatively harsh conditions experienced by our study population, assistance by two or more auxiliaries is necessary to compensate the female for any possible reduction in paternal care by the dominant male.
Although the association between frequency of extrapair young and group size supports the female emancipation hypothesis, other explanations are possible. For example, territory quality may affect both reproductive success (and hence number of auxiliaries) and the propensity for females to pursue EPF (Gowaty, 1996) . Alternatively, females with auxiliaries may have reduced feeding loads, and hence more time to pursue EPF (although this does not appear to be the case in superb fairy-wrens; Dunn and Cockburn, 1996) , or auxiliaries may interfere with courtship of the breeding pair. Finally, the relationship may reflect sirings by group auxiliaries if females with more auxiliaries have a higher probability of being unrelated to at least some of those auxiliaries. In this study we found that most sirings by group auxiliaries were in larger groups (Figure 3) , and the relationship between number of auxiliaries and proportion of extrapair young was not significant if sirings by group auxiliaries were excluded. However, there was still a trend for larger groups to have more young sired by extragroup males (Figure 3 ) and, more importantly, we did not find that females with more auxiliaries had a higher probability of being unrelated to those auxiliaries. In sum, although a relationship between the number of auxiliaries and EPF rates has been found in two different species of fairy-wren, the underlying cause of this relationship remains unclear; detailed behavioral observations, and possibly experimental approaches, will be necessary to evaluate these alternatives. Offspring that were genotyped but for whom sire was not identified are excluded (n ¼ 17).
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Whatever its cause, the association between EPF rates and group size raises the question as to why a breeding male would tolerate auxiliaries on his territory-if the presence of auxiliaries is likely to reduce the dominant male's genetic contribution to the brood, why does he not drive those auxiliaries away? One possibility is that auxiliaries increase the breeding male's reproductive success enough to compensate for reduced paternity within the brood. This possibility may be unlikely for splendid fairy-wrens, as auxiliaries appeared to increase the reproductive success of breeding adults only moderately in a western population (Rowley and Russell, 1990b) . Alternatively, auxiliaries may liberate the breeding male from parental duties and allow him to pursue EPF himself (Green et al., 1995) , such that increased extrapair success compensates for reduced paternity within his own brood. Our results do not support this hypothesis, as group size did not differ between males who did and did not sire extrapair young. A third alternative is that breeding males do not drive auxiliaries from the territory because this would reduce the breeding male's inclusive fitness if those sons have few breeding opportunities (Pruett-Jones and Lewis, 1990) . This and other possible explanations require further testing; at present it is unclear why breeding males tolerate auxiliaries on their territories.
Reproduction by auxiliaries and conflicts within groups
Few studies of cooperatively breeding birds have assigned extrapair and extragroup paternity to specific males Double and Cockburn, 2003; , and so the extent to which auxiliary males sire offspring has not been clear in most systems. In this study we found that approximately 25% of all extrapair offspring, or 10% of all offspring analyzed, were sired by auxiliary males. Thus, auxiliary males are able to obtain some direct fitness while assisting a breeding pair. Auxiliary males in fairy-wren species are likely prevented from independent breeding by limited breeding opportunities (Pruett-Jones and Lewis, 1990) , and these small fitness gains may help tip the cost/ benefit balance toward remaining on the natal territory as an auxiliary rather than dispersing to search for (rare) breeding opportunities. Indeed, given that the indirect fitness benefits of helping are likely small (Rowley and Russell, 1990b) , direct fitness benefits such as EPF and increased survival may be the primary benefits of remaining on the natal territory as an auxiliary.
Our analyses indicated that auxiliary males sired young within their own breeding groups as well as in other breeding groups. Within-group reproduction by auxiliaries is relatively common in some cooperatively or communally breeding species (Baglione et al., 2002; Li and Brown, 2000; Whittingham et al., 1997) , but in most of these cases auxiliaries are males who join the group and are unrelated to the breeding female (see Lundy, 1998) . In most cases where offspring remain with the natal group to help their parents, male auxiliaries rarely sire offspring within their group (e.g., Dickinson and Akre, 1998; Haig et al., 1994; Hatchwell et al., 2002; Quinn et al., 1999) , at least so long as the group remains intact. Splendid fairy-wrens appear to fit this general pattern of incest avoidance. Emlen (1995 Emlen ( , 1997 predicted that reproductive conflicts of interest should arise in such systems whenever a new female joins an established group with breeding and auxiliary males, because in this situation all group males would be unrelated to the new breeding female. Our data confirm this prediction for splendid fairy-wrens, as auxiliaries sired within-group offspring in approximately one-half of the cases in which a new female joined the group (see also Cockburn et al., 2003; Piper and Slater, 1993; Rabenold et al., 1990) . Interestingly, our data also suggest (albeit with small sample size) that auxiliary males are also more likely to sire young within their group when they are unrelated to the breeding male, a pattern that is consistent with the hypothesis that breeding males must concede some reproduction to unrelated auxiliaries to retain their help (Emlen, 1997) . With frequent EPF, auxiliary males will be frequently unrelated to the breeding male they are assisting, and these circumstances would tip the selective balance more strongly toward within-group paternity by auxiliary males. Thus, high levels of EPF lead to a situation which favors withingroup sirings by auxiliary males and hence increase the reproductive conflict between the breeding and auxiliary males.
